Introduction
Wiskott-Aldrich syndrome protein (WASP) family members such as WASP, N-WASP, and WAVEs 1, 2, and 3 play essential roles in actin polymerization through activation of the actinrelated protein 2/3 (Arp2/3) complex (Miki et al, 1998; Machesky et al, 1999; Rohatgi et al, 1999) . In particular, N-WASP-induced cortical actin polymerization is involved in the formation of filopodia (Miki et al, 1998; Svitkina et al, 2003) .
We have shown that N-WASP is critically involved in adhesive podosome formation in v-src-transformed 3Y1 cells (3Y1/v-Src cells). Overexpression of dominant-negative mutants of N-WASP that are incapable of activating the Arp2/ 3 complex suppressed podosome formation in these cells (Mizutani et al, 2002) , indicating that N-WASP-induced actin polymerization is essential for podosome formation in 3Y1/v-Src cells. However, the regulation of N-WASP downstream of v-Src is not clear.
N-WASP exists in an inactive and closed conformation formed by intramolecular interactions until upstream signals are activated. In response to extracellular stimuli, the VCA region of N-WASP, the region essential for activation of the Arp2/3 complex, is exposed, and actin nucleation is initiated. Direct binding of Cdc42, PIP 2 or proteins containing SH3 domain to N-WASP releases the autoinhibitory conformation of N-WASP (Carlier et al, 2000; Rohatgi et al, 2000 Rohatgi et al, , 2001 . Src family tyrosine kinases such as Hck and Fyn have been found to phosphorylate and activate WASP and N-WASP. The respective phospho-mimicking mutants induce neurite extension in PC12 cells and filopodia formation in primary macrophages (Cory et al, 2002; Suetsugu et al, 2002; Torres and Rosen, 2003) . However, phosphorylation of N-WASP alone was not sufficient for full activation of N-WASP for actin polymerization, at least in vitro (Suetsugu et al, 2002) , which suggests the possibility that other activation mechanisms in conjunction with phosphorylation are necessary for full activation of WASP family proteins. Phosphorylation of N-WASP by Fyn induces cytosolic localization of nuclear N-WASP, which is also required for expression of HSP90 (Suetsugu and Takenawa, 2003) . HSP90 is a molecular chaperone protein that is known to regulate the catalytic activity, conformational maturation, and intracellular transport of a variety of proteins and thus contributes to cell growth and survival (Mayer and Bukau, 1999; Neckers, 2002) . The functional relation between phosphorylated N-WASP and HSP90 is unclear.
We found that HSP90 binds to N-WASP and that this binding is dependent on the activation of N-WASP by phosphorylation. HSP90 stimulates the phosphorylation of N-WASP by Src family tyrosine kinases, leading to N-WASPinduced actin polymerization. Importantly, HSP90 attenuates proteasome-dependent degradation of active N-WASP, which amplifies activation of N-WASP and induces podosome formation and neurite extension.
Results

HSP90 associates with N-WASP
To investigate the potential interaction between HSP90 and N-WASP, we first performed coimmunoprecipitation experiments of the two endogenous proteins. As we know that endogenous N-WASP exists exclusively in podosomes in 3Y1 rat fibroblasts transformed with v-src (3Y1/v-Src) (Mizutani et al, 2002) , lysates of 3Y1/v-Src cells were immunoprecipitated with antibody against N-WASP. As shown in Figure 1A , N-WASP was coimmunoprecipitated with HSP90. Immunoprecipitation with anti-HSP90 antibody coimmunoprecipitated N-WASP, indicating a specific association of endogenous HSP90 and N-WASP in 3Y1/v-Src cells. Interestingly, HSP90 bound little to N-WASP in parental 3Y1 cells, suggesting that the association between HSP90 and N-WASP occurs predominantly downstream of v-Src.
To investigate a direct association between the two proteins, we next performed in vitro pull-down assays with purified N-WASP and HSP90 proteins. Bovine HSP90, human HSP90a, or HSP90b recombinantly expressed in Sf9 cells was incubated with a full-length GST fusion protein of N-WASP. As shown in Figure 1B , all HSP90 proteins bound directly to N-WASP.
Identification of domains responsible for HSP90
and N-WASP interaction N-WASP is composed of several well-characterized domains. We determined which domains of N-WASP are responsible for binding to HSP90 (Figure 2A and B). Pull-down assays with various GST fusion proteins of N-WASP were first performed. As described above, HSP90 bound directly to full-length N-WASP. An active mutant of N-WASP (Da) containing only three acidic amino acids at the C-terminus showed somewhat stronger association than did full-length N-WASP. Mutant N-WASP lacking the N-terminal sequence from the IQ motif to the basic region (DIQ-Basic) showed little binding to HSP90. In contrast, fragments of N-WASP containing the IQ motif and basic region bound to HSP90. The VCA fragment of N-WASP also showed a little binding. Similar results were obtained in experiments with His-fusion proteins of N-WASP. Deletion of the IQ-Basic region of N-WASP resulted in almost complete loss of binding to HSP90. These results suggest that HSP90 binds predominantly to the region of N-WASP between the IQ motif and the basic region. To better identify the region of N-WASP necessary for HSP90 binding, we carried out competition assays between HSP90 and GTPgS-loaded Cdc42 or PIP 2 . Addition of up to 500 nM Cdc42 did not affect binding of HSP90 to N-WASP. PIP 2 affects binding of HSP90 to N-WASP in a concentration-dependent manner. PIP 2 did not compete with HSP90 for N-WASP binding at a low concentration such as 1 mM. At high concentrations over 50 mM, PIP 2 inhibited binding of HSP90 to N-WASP, suggesting that HSP90 binds to the basic region of N-WASP ( Figure 2C ).
To determine whether this region is responsible for in vivo association of N-WASP to HSP90, GFP-tagged wild-type (WT) N-WASP or the N-WASP DIQ-Basic mutant lacking the IQ motif and basic region was expressed in 3Y1/v-Src cells ( Figure 2D ). Levels of ectopically expressed N-WASP were three to five times greater than that of endogenous N-WASP (data not shown). Examination of the immunoprecipitates with anti-GFP antibody revealed that HSP90 associates with full-length N-WASP but not with the N-WASP DIQ-Basic mutant. We confirmed that the N-terminal IQ motif and basic region of N-WASP are predominantly involved in in vivo binding between N-WASP and HSP90.
We then examined regions of HSP90 required for direct interaction with N-WASP. GST-fusion proteins of HSP90b were prepared as indicated in Figure 3A and used for in vitro pull-down assays. Fragments of HSP90 containing the Nterminal (HSP90 N) or middle regions, specifically the latter part of the middle region (HSP90 M1 and M3), bound strongly to N-WASP, suggesting two major N-WASP-binding sites in HSP90 ( Figure 3B ). We also transiently transfected Myc-tagged expression plasmids of HSP90 in 3Y1/v-Src cells and detected interactions with N-WASP ( Figure 3C ). Fulllength HSP90 clearly associated with endogenous N-WASP in these cells. Unexpectedly, the HSP90 N mutant containing only the N-terminal region of HSP90 showed a very weak interaction. A DN mutant of HSP90 lacking the N-terminal region of HSP90 still bound to N-WASP. An HSP90 DM3 mutant lacking the latter part of the middle region did not co-precipitate N-WASP, indicating that the M3 middle region of HSP90 is predominantly responsible for the in vivo interaction of HSP90 with N-WASP. The difference between the in vitro and in vivo interaction regions for N-WASP may provide important information on HSP90 to bind target proteins.
HSP90 is essential for N-WASP-mediated podosome formation in 3Y1/v-Src cells
To evaluate the functional significance of the interaction between HSP90 and N-WASP, we examined whether HSP90 is involved in N-WASP-dependent podosome formation in 3Y1/v-Src cells. We first determined intracellular localization of endogenous HSP90 in these cells. HSP90 was localized throughout the cell, including the cytoplasm and the plasma membrane, and was also concentrated in dot-like clusters of podosomes ( Figure 4A and Supplementary Figure 1A ). Double staining with anti-HSP90 and anti-N-WASP antibodies showed that these proteins were colocalized in podosomes, suggesting that HSP90 functions in N-WASP-induced podosome formation.
We examined whether direct binding of HSP90 to N-WASP is required for podosome formation. The binding region of N-WASP for HSP90 was first examined. 3Y1/v-Src cells expressing WT N-WASP showed normal podosome formation, whereas expression of the N-WASP DIQ-Basic mutant inhibited podosome formation in 72% of transfected cells ( Figure 4B ), suggesting that direct binding between HSP90 and N-WASP is important for podosome formation. As the N-WASP DIQ-Basic mutant is known to be constitutively active without binding to PIP 2 or F-actin (Prehoda et al, 2000; Suetsugu et al, 2001b) and might simply sequester the Arp2/3 complex for podosome-induced actin polymerization, we prepared two N-WASP mutants, BKA1 and BKA2, with approximately 50% decreased affinity for HSP90 in comparison to WT N-WASP ( Figure 2E ). BKA1, in which lysine residues 183 and 187 of N-WASP were replaced by alanines, and BKA2, in which lysine residues 183, 187, 191, 194, and 197 were replaced by alanines, are distinguished from the N-WASP mutant without PIP 2 -binding activity as described previously (Rohatgi et al, 2000) . As with WT N-WASP, the two N-WASP mutants were activated by PIP 2 in in vitro actin polymerization assays ( Figure 2F ) and showed binding to F-actin in cosedimentation assays ( Figure 2G ). Overexpression of the BKA1 or BKA2 mutants in 3Y1/v-Src cells reduced the rate of podosome formation in cells with strong expression ( Figure 4B ).
We next expressed WT HSP90, the HSP90 DM3 mutant, or the M3 mutant containing only the latter part of the middle region in 3Y1/v-Src cells ( Figure 4C ). Expressed WT HSP90 was localized to podosomes as well as the cytoplasm and did not induce alteration in podosome formation. In contrast, 3Y1/v-Src cells overexpressing the HSP90 DM3 or M3 mutant showed reduced podosome formation in approximately 67 and 48% of transfected cells, respectively, thus indicating that the M3 HSP90 mutant acts as a dominant-negative form. Taken together, these results strongly indicate that direct binding between HSP90 and N-WASP is essential for podosome formation in these cells.
Similar results were obtained when we tested the effect of geldanamycin (GA), a specific inhibitor of HSP90, on podosome formation. GA binds to the N-terminal ATP-binding site of HSP90 and induces dissociation of target proteins from HSP90 (Mayer and Bukau, 1999; Neckers, 2002) . Treatment of 3Y1/v-Src cells with 100 nM GA inhibited complex formation of HSP90 and N-WASP ( Figure 4D ) and induced significant alterations in cell morphology ( Figure 4E ). Podosome formation was inhibited; instead, stress fibers and focal adhesions were observed. HSP90 and N-WASP accumulations were dispersed from podosomes and localized to the cytoplasm. When we expressed a dominant-negative mutant of N-WASP, DVPH, lacking the actin-binding region, we also observed the effects similar to GA treatment (data not shown). These results indicate that N-WASP is essential for the podosome formation and that loss of N-WASP function causes changes in actin structure and morphology in 3Y1/v-Src cells.
Effect of HSP90 on N-WASP/Arp2/3 complex-induced in vitro actin polymerization
To identify the role of HSP90 in N-WASP-dependent podosome formation, we tested the effect of HSP90 on N-WASPinduced Arp2/3 complex-mediated in vitro actin polymerization. HSP90 did not activate the Arp2/3 complex directly without N-WASP and had little effect on actin polymerization by WT N-WASP ( Figure 5A ). VCA N-WASP and a constitutively active mutant of N-WASP (Da) markedly activated Arp2/3 complex-induced actin polymerization, as described previously (Rohatgi et al, 1999; Suetsugu et al, 2001a) . HSP90 did not affect VCA-or Da-induced actin polymerization. The N-WASP DIQ-Basic mutant showed greater actin polymerization activity than did WT N-WASP. HSP90 had no effect on activity of the DIQ-Basic mutant ( Figure 5B ). We concluded that HSP90 alone could not release the folded N-WASP conformation.
HSP90 bound predominantly to the basic region of N-WASP. This region corresponds to the PIP 2 -binding site. We examined the effect of HSP90 on PIP 2 -induced N-WASP activation. If HSP90 overlaps the region necessary for PIP 2 binding, N-WASP would not be further activated by PIP 2 . The actin polymerization activity of N-WASP in the presence of various concentrations of PIP 2 was first quantified ( Figure 5C ). N-WASP activation increased linearly at concentrations of PIP 2 from 0.5 to 5 mM and reached a maximum at 10 mM PIP 2 . Addition of HSP90 enhanced activation of N-WASP only under conditions in which PIP 2 concentration-dependent N-WASP activation was observed, whereas, under conditions in which N-WASP was strongly activated by excess PIP 2 greater than 10 mM, HSP90 did not have a considerable effect on activation of N-WASP ( Figure 5C and the inset). HSP90 also enhanced the activation of N-WASP by PIP 2 at a low concentration such as 1 mM in an HSP90 concentration-dependent manner ( Figure 5D ). The ability of HSP90 to activate N-WASP appeared to be dependent on the activation level of N-WASP. Similarly, HSP90 had little effect when N-WASP was strongly stimulated in the presence of both PIP 2 and Cdc42 ( Figure 5D ). Taken together with the results shown in Figure 2E and F, these results indicate that the N-WASP-binding sites for HSP90 and PIP 2 are not identical and HSP90 does not compete with PIP 2 for N-WASP binding. The results of Figure 2C , in which concentrations of PIP 2 greater than 50 mM inhibited HSP90 binding to N-WASP, appeared to be due to the fact that such high concentrations of PIP 2 reduce specificity in the N-WASP-binding region and bind nonspecifically to basic charged regions of N-WASP for HSP90 binding. It is likely that HSP90 interacts predominantly with partially activated N-WASP, because HSP90 did not have an additional activation effect on inactive WT N-WASP or fully activated N-WASP.
HSP90 also did not significantly enhance activation of N-WASP by Cdc42. Only a little activation was shown in an HSP90 concentration-dependent manner ( Figure 5E ). Some adaptor proteins, such as Nck, act cooperatively with PIP 2 or phosphorylations, not with Cdc42, to activate N-WASP (Rohatgi et al, 2001) ; phosphorylation of N-WASP is not significantly affected by Cdc42 (Suetsugu et al, 2002) . HSP90 may provide Cdc42-independent signals to the N-WASP-dependent actin cytoskeleton.
HSP90 is known to act together with other cochaperones such as HSP70, HSP40, p23, and p50cdc37 (Scheibel et al, 1998; Young et al, 2001 ). When we examined the effect of cochaperones with HSP90 in N-WASP-induced actin polymerization assays, no significant effect was observed (data not shown).
HSP90 enhances phosphorylation and activation of N-WASP by v-Src
According to the results shown in Figure 1A , HSP90 bound specifically to N-WASP in 3Y1/v-Src cells. Both HSP90 and N-WASP were localized to podosomes in these cells ( Figure 4A ). Cytoskeletal proteins such as FAK, vinculin, and cortactin, which are known to localize to podosomes, are downstream substrates of v-Src and underlie the oncogenic transformation caused by v-src (Linder and Aepfelbacher, 2003) . Thus, we examined whether N-WASP is tyrosine phosphorylated in 3Y1/v-Src cells. We found that N-WASP was tyrosine phosphorylated in these cells and that this phosphorylation was decreased when cells were treated with GA ( Figure 6A ). We used 100 nM GA to block the interaction of HSP90 and N-WASP, and this abolished nearly 100% of the tyrosine phosphorylation of N-WASP. HSP90 is reported to regulate the catalytic activity of v-Src (Xu and Lindquist, 1993; An et al, 2000) . With this concentration of GA, tyrosine phosphorylation of v-Src was still present, although the level was reduced by approximately 40%. This is consistent with previous reports that v-Src was almost completely inhibited by concentrations of GA greater than 1 mM (Shakarjian et al, 1993; An et al, 2000) . We also found that N-WASP is a major HSP90-binding protein that responded to 100 nM GA treatment by analyzing complex proteins of HSP90 formed in 3Y1/v-Src cells (Supplementary Figure 3) .
Immunostaining of 3Y1/v-Src cells with anti-HSP90 or anti-N-WASP antibody was coincident with antiphosphotyrosine staining at podosomes ( Figure 6B ). Treatment with GA abolished the phosphotyrosine staining in podosomes, suggesting an essential role of tyrosine-phosphorylated proteins in podosome formation. Thus, we reasoned that N-WASP may be a substrate of v-Src, which is involved in the association with HSP90. To investigate this possibility, we performed in vitro phosphorylation assays ( Figure 6C) . A GST fusion protein of WT N-WASP was incubated with purified v-Src in the presence of g-32 P-ATP for 15 min, during which autophosphorylation of v-Src is in the linear range. v-Src phosphorylated N-WASP, although the level of phosphorylation was not marked. Addition of HSP90 to the phosphorylation reaction dramatically enhanced phosphorylation of N-WASP by v-Src without increased autophosphorylation of v-Src. To control for the potential effect of the GST protein fused to N-WASP, we also used His-fused N-WASP with similar results (data not shown). These results suggest that HSP90 is involved in v-Src-induced phosphorylation of N-WASP.
We then examined the effect of N-WASP phosphorylation by v-Src on Arp2/3 complex-mediated actin polymerization ( Figure 6D hance actin polymerization by N-WASP, indicating that HSP90 activates phosphorylation of N-WASP, leading to Arp2/3 complex-mediated actin polymerization. The direct effect of HSP90 on phosphorylation of N-WASP and not on v-Src was also proved by examining the kinase activity of Src. HSP90 did not affect Src kinase-induced phosphorylation of a synthetic random polymer substrate poly-Glu-Tyr (PGT) under the same conditions described in Figure 6D ( Figure 6E) .
We then examined whether N-WASP is regulated in a similar fashion in 3Y1/v-Src cells where N-WASP associates with HSP90 ( Figure 6F ). We prepared 3Y1/v-Src cell lysates instead of purified N-WASP protein and Arp2/3 complex proteins. Addition of 3Y1/v-Src cell lysates to polymerization assays induced actin polymerization; the level of polymerization was greater than that in 3Y1 parental cell lysates or in 3Y1/v-Src cell lysates treated with GA. To determine whether this actin polymerization was due to N-WASP, we depleted N-WASP from cell lysates with anti-N-WASP antibody. Actin polymerization was decreased when cell lysates lacking N-WASP were used. In this case, levels of HSP90 and Arp2/ 3 complex in the cell lysates remained constant ( Figure 6H ). In turn, addition of v-Src-phosphorylated N-WASP to N-WASP-depleted cell lysates restored actin polymerization activity, suggesting that N-WASP is responsible for actin polymerization in these cells and that it exists in an active form via phosphorylation in 3Y1/v-Src cells.
We assayed for protein tyrosine kinase activity in each cell lysate used in experiments described in Figure 6F ( Figure 6G ). v-Src proteins immunoprecipitated from the respective cell lysates by anti-v-Src antibody were also subjected to the assay. 3Y1/v-Src cell lysates incubated with 100 nM GA caused only slight reduction in tyrosine kinase activity (approximately 16.5%) compared to that of control cell lysates incubated with DMSO. Similar results were obtained in assays with v-Src immunoprecipitates from these cell lysates. GA treatment induced only an 18% decrease in Src kinase activity, suggesting that GA treatment does not so much affect v-Src tyrosine kinase activity. We did not detect distinguishable differences in serine/threonine kinase activity among these cell lysates (data not shown).
HSP90 influences N-WASP-dependent neurite extension in PC12 cells
We next examined whether HSP90 has other functions, in addition to podosome formation, where phosphorylation of N-WASP is involved. Src family kinases are reported to induce neurite extension in rat pheochromocytoma PC12 cells (Alema et al, 1985) . We previously reported that N-WASP is phosphorylated and activated by the Src family kinase Fyn in response to nerve growth factor (NGF) stimulation in PC12 cells and that this is essential for N-WASPmediated neurite extension (Suetsugu et al, 2002) . Thus, we examined whether HSP90 controls the phosphorylation of N-WASP necessary for neurite extension in PC12 cells. PC12 cells were serum starved in the presence or absence of GA and/or NGF, and endogenous N-WASP was immunoprecipitated. In control cells, endogenous N-WASP was weakly tyrosine phosphorylated, and NGF stimulation increased tyrosine phosphorylation of N-WASP ( Figure 7A ). In this case, we found that association between HSP90 and N-WASP was increased in proportion to the phosphorylation of N-WASP. In contrast, treatment of the cells with PP2, an inhibitor of Src family kinases, or GA, an inhibitor of HSP90, strongly decreased the phosphorylation of N-WASP by NGF stimulation. The association between HSP90 and N-WASP was also decreased, suggesting that HSP90 acts in the process of tyrosine phosphorylation of N-WASP by Src family kinases in response to neurite extension signals. After NGF stimulation of PC12 cells, HSP90 and N-WASP were colocalized in extending neurites, particularly at growing tips by immunostaining and by GFP-fusion protein ( Figure 7B , Supplementary Figure 1B ). Treatment with PP2 or GA completely blocked this N-WASP-dependent neurite extension.
We next compared the ability of HSP90 to associate with the constitutively active form of N-WASP and with inactive N-WASP ( Figure 7C ). We expressed dominant-active (Y253E) and -negative (Y253F) mutants of N-WASP, in which the tyrosine phosphorylation site of N-WASP is replaced by glutamine or phenylalanine, respectively. The DIQ-Basic mutant of N-WASP was also expressed to determine the importance of direct interaction between HSP90 and N-WASP in neurite extension. Under conditions of serum starvation, the level of HSP90 immunoprecipitated with Y253E N-WASP was greater than that precipitated with WT N-WASP or Y253F N-WASP. Little HSP90 co-precipitated with the DIQ-Basic mutant of N-WASP. After NGF stimulation, binding of WT N-WASP to HSP90 was increased to a level comparable to that of Y253E N-WASP. The Y253F and DIQ-Basic mutants still had less affinity for HSP90 than WT N-WASP or Y253E N-WASP had. Treatment with GA decreased association between HSP90 and all types of N-WASP, even under conditions of NGF stimulation. These results suggest that HSP90 favors active N-WASP phosphorylated by Src family kinases. Approximately 32% of cells expressing Y253E N-WASP showed neurite extension despite the absence of NGF, whereas cells expressing WT, Y253F, or the DIQ-Basic mutant showed neurite outgrowth in less than 10% of cells ( Figure 7D ). In response to NGF stimulation, WT N-WASP induced neurite extension to a degree comparable to that of Y253E N-WASP. In contrast, the DIQ-Basic mutant failed to induce neurite extension even under conditions of NGF stimulation, suggesting that neurite extension is induced by interaction between tyrosine-phosphorylated N-WASP and HSP90 in PC12 cells.
HSP90 stabilizes active N-WASP
As N-WASP activated by phosphorylation rapidly undergoes degradation (Suetsugu et al, 2002) , we examined whether interaction of HSP90 and N-WASP affects the stabilization of N-WASP. We analyzed the degradation states of endogenous N-WASP in 3Y1/v-Src cells ( Figure 8A ) and PC12 cells ( Figure 8B ). As HSP90 enhances the phosphorylation of N-WASP, we presumed that HSP90 would result in rapid degradation of N-WASP. However, degradation of endogenous N-WASP in 3Y1/v-Src cells, where N-WASP associates with HSP90, was not significant. Rather, inhibition of HSP90 by treatment with GA increased the degradation of N-WASP. The GA-induced degradation of N-WASP was inhibited by treatment with the proteasome inhibitor MG-132, suggesting that degradation of N-WASP in 3Y1/v-Src cells depends on a proteasome system that is attenuated by HSP90. HSP90 appeared to protect activated N-WASP from proteasomedependent degradation. Similar results were obtained in experiments with PC12 cells. As we performed all experiments with PC12 cells under conditions of serum starvation, rapid degradation of N-WASP in control cells was not present. Even under these conditions, treatment with GA induced degradation of N-WASP, indicating that HSP90 also contributes to the stabilization of N-WASP under serum-starved conditions. Incubation of the cells with MG-132 inhibited the GA-induced degradation of N-WASP, suggesting that HSP90 protects N-WASP from the proteasome degradation system in PC12 cells. NGF stimulation alone did not include the degradation of N-WASP. Treatment with NGF in the presence of GA increased the rapid degradation of N-WASP. Thus, HSP90 appears to play a role not only in the activation of N-WASP through phosphorylation but also in the process of stabilization of activated N-WASP.
Finally, we compared the degradation of N-WASP mutants ( Figure 8C ). In control PC12 cells without NGF treatment, the active Y253E mutant did not show a significant difference in degradation compared to that of WT N-WASP or the Y253F mutant. GA treatment induced more rapid degradation of the Y253E mutant than that of WT or Y253F N-WASP, suggesting that HSP90 is involved predominantly in stabilization of active Y253E compared to WT N-WASP or the inactive Y253F mutant. In NGF-treated cells, WT N-WASP was degraded in a manner similar to that of Y253E. GA treatment under this condition initiated rapid degradation of both WT and Y253E N-WASP. These results show that HSP90 contributes to the stabilization of activated N-WASP and that active N-WASP without association with HSP90 is rapidly degraded. The DIQ-Basic mutant, which cannot bind HSP90, was markedly degraded under all conditions. 3Y1/v-Src cell lysates expressing WT or the DIQ-Basic mutant of N-WASP were subjected to in vitro actin polymerization assays ( Figure 8D ). In contrast to the high in vitro activity of purified DIQ-Basic N-WASP as shown in Figure 5B , lysates from cells expressing the DIQ-Basic mutant showed lower activity than did lysates from cells expressing WT N-WASP. We also increased the level of HSP90 to sufficiently saturate the level of ectopically expressed N-WASP, although endogenous HSP90 was present at levels approximately 20-fold that of N-WASP (data not shown). HSP90 was overexpressed together with N-WASP. Purified HSP90 protein was added directly to the N-WASP- expressing cells. However, increased levels of HSP90 did not alter the results with N-WASP-expressing cell lysates. These results clearly indicate that direct interaction with HSP90 is responsible for stabilization of active N-WASP.
Discussion
HSP90 appears to enhance the conformational activation of N-WASP. The introduction of negative charge by phosphorylation as well as binding of PIP 2 appears to release the autoinhibitory conformation of WASP family proteins. However, phosphorylation or PIP 2 binding alone is not sufficient for full activation. In the case of phosphorylation of N-WASP by Fyn, addition of PIP 2 substantially enhances phosphorylation and activation, suggesting that full activation of N-WASP requires some factor, such as PIP 2 , in addition to phosphorylation. HSP90 appears to be an efficient activator of N-WASP phosphorylation. HSP90 increased the levels of phosphorylation of N-WASP by Src family kinases, leading to further activation of N-WASP. HSP90 alone had no effect on phosphorylation of N-WASP or on N-WASP-induced actin polymerization. We propose that Src family kinases initiate phosphorylation of N-WASP in response to extracellular stimuli and that subsequent association of HSP90 and N-WASP enhances phosphorylation of N-WASP, which promotes exposure of the VCA region of N-WASP.
In vivo binding of HSP90 to N-WASP is dependent on N-WASP activation. HSP90 bound to active N-WASP in 3Y1/vSrc cells, whereas this association was not detected in parental 3Y1 cells. Similar results were obtained in experiments with PC12 cells. The basic region of N-WASP necessary for binding to HSP90 is masked in a closed conformation in the absence of stimuli. Thus, it is reasonable that HSP90 binds to the basic region of opened, active N-WASP. In in vitro pulldown assays with GST-or His-fusion proteins of N-WASP, we also found that the VCA region of N-WASP has a weak affinity for HSP90 and that this interaction occurs via the former part of the middle region of HSP90 (HSP90 M2) (Supplementary Figure 4) . We did not ascertain how much the interaction of N-WASP VCA and HSP90 M2 contributes to regulation of N-WASP in cells, because of the weak affinity and because expression of DVCA N-WASP or VCA N-WASP mutant in cells can inhibit, independently of HSP90, podosome formation or neurite extension by direct effect to actin and the Arp2/3 complex (Mizutani et al, 2002) . However, through in vitro actin polymerization assays with HSP90 M2 or the latter part of the middle region of HSP90 (M3), we confirmed the interaction of HSP90 M3 and the N-WASP basic region function mainly to activate N-WASP. The VCA region interacts with the basic region of N-WASP, resulting in a closed and inactive conformation of N-WASP. In response to extracellular stimuli, both the VCA and the basic region would be exposed. The VCA region is also known to be phosphorylated in response to extracellular activating signals (Cory et al, 2003) . Thus, we cannot completely rule out the possibility that the VCA region as well as the Basic region may also be a weak binding site of HSP90 in cells, which contributes to maintaining the opened N-WASP. This may explain why a weak association between the DIQ-Basic mutant and endogenous HSP90 remained and why the DIQ-Basic mutant was somewhat sensitive to GA and NGF treatment, similar to WT N-WASP and other N-WASP mutants in PC12 cells (Figures 7C and 8C) .
PIP 2 as well as HSP90 bind to the basic region of N-WASP. However, it is unlikely that HSP90 competes with PIP 2 for N-WASP binding. Two mutants of N-WASP, BKA1 and BKA2, could still bind to PIP 2 in the absence of HSP90 binding. Thus, it is possible that HSP90 and PIP 2 bind simultaneously to the basic region of N-WASP, resulting in further activation of N-WASP. Indeed, at low concentrations of PIP 2 in which activation of N-WASP is not maximum, HSP90 in combination with PIP 2 could activate N-WASP ( Figure 5C and D) . In the presence of PIP 2 concentrations greater than 10 mM that activate fully N-WASP, HSP90 did not act cooperatively to activate N-WASP. Similar results were also obtained with respect to phosphorylation level-dependent N-WASP activation. The effect of HSP90 to increase phosphorylation of N-WASP was clear under conditions in which increased N-WASP phosphorylation was in the linear range (Supplementary Figure 2) . Thus, we believe that HSP90 predominantly functions on partially activated N-WASP and does not exert a direct effect on activation of inactive WT N-WASP or an additional effect on fully activated N-WASP, at least in vitro. Indeed, HSP90 had no effect on constitutively active N-WASP, Da, or inactive WT N-WASP. We observed similar results under conditions in which N-WASP was strongly activated by a combination of GTPgs-Cdc42 and PIP 2 as well as by high concentrations of PIP 2 .
HSP90 is known to be involved in the activation and stabilization of many different kinases, including v-Src (Xu and Lindquist, 1993; Mayer and Bukau, 1999) . Indeed, NGFinduced neurite extension in PC12 cells was inhibited by the Src family kinase inhibitor PP2 to an extent similar to that with GA treatment ( Figure 7B ). Thus, in vivo treatment with GA might affect not only the HSP90-N-WASP association but also the association of HSP90 with other target proteins such as v-Src. However, treatment of 3Y1/v-Src cells with 100 nM GA induced a reduction of approximately 40% in the tyrosine phosphorylation signal of v-Src, whereas phosphorylation of N-WASP was almost completely lost under the same conditions ( Figure 6A ). In kinase assays with immunoprecipitated v-Src, only an 18% reduction of the Src kinase activity was observed ( Figure 6G ), whereas in actin polymerization assays with cell lysates, GA treatment reduced activation of N-WASP to approximately 52% ( Figure 6F ). We determined that HSP90 had no direct effect on Src kinase activity, at least in vitro ( Figure 6E ). In most cases, treatment with 100 nM GA did not result in marked degradation of v-Src (data not shown), which differed from the significant degradation of N-WASP observed in response to GA treatment. Taken together with the results in Supplementary Figure 3 , we concluded that 100 nM GA has higher specificity for HSP90 associated with N-WASP than with any other target. This conclusion is supported by our finding that overexpression of the HSP90 protein fragment responsible for N-WASP binding inhibited podosome formation and neurite extension.
A schematic of the potential mechanism by which HSP90 participates in the regulation of N-WASP is shown in Figure 9 . In resting cells, N-WASP exists in a folded and inactive form. Specific extracellular stimuli lead to activation of N-WASP through various signals, including tyrosine phosphorylation by v-Src or PIP 2 . At this step, HSP90 binds to N-WASP, inducing further activation of N-WASP and preventing
